It is almost ironic that one of the major organs that serves to maintain the "internal milieux" by secretion of various toxic agents, can itself become injured in the process. The pattern of morphologic renal injury is nonspecific and can involve any of the components of the kidney, although the injury and subsequent morphologic changes are most commonly noted in the tubules and/or interstitium. Of course, unless the drug/toxin is commonly or regularly noted to be associated with tubular and/or interstitial injury, the association of the drug with the renal changes may be missed and the correlation may not necessarily identify causation. For example, if a drug is associated with a renal injury in a given individual, it may be quite difficult to prove that the drug is the cause of the injury. This scenario is somewhat reminiscent of the test question-is it "true-true-related," or "true-true-unrelated"? Sometimes it is only by the accrual of a great many examples or correlations, and or dissection of the pathophysiology, can it be shown that the drug is directly related to the observed morphologic (and subsequent clinical) injury. Renal changes induced by chemicals can affect the tubules, interstitium or both. This review of chemically induced nephropathy in humans considers acute tubular necrosis, interstitial nephritis, and tubulointerstitial nephritis or nephropathy. Because the tubules and the interstitium are so intimately related, injury to 1 of these 2 components may eventually lead to injury of the other, resulting in tubulointerstitial disease.
INTRODUCTION
The kidney responds in a limited fashion to a very large number of different injurious agents. When exposed to drugs and toxins the kidney may respond in 1 of 3 morphological patterns:
1. changes primarily affecting the tubules including toxic acute tubular necrosis, 2. changes leading to a primary/predominant interstitial nephritis (with or without granulomatous inflammation), either acute (with interstitial edema) or chronic (with interstitial fibrosis), 3. a more generalized tubulointerstitial nephritis (or nephropathy), either acute or chronic, involving both tubules and interstitium, where the primary component of the kidney involvement is unclear.
These morphologic patterns of response will be considered in detail in this order.
ACUTE TUBULAR NECROSIS Definition: Acute tubular necrosis (ATN) is a clinicopathologic entity that is manifested morphologically by primary destruction or alteration of the renal tubular epithelium (Bohle et al., 1976; Wilson et al., 1976; Solez et al., 1979; Bulger and Dobyan, 1984; Churg et al., 1984; Olsen and Solez, 1987; Anderson and Schrier, 1988; Olsen et al., 1989; Solez and Racusen, 1991; Sawaya et al., 1995; Olsen and Solez, 1994; Thadhani et al., 1996; Kashgarian, 1998; Rogers et al., 2000; Markowitz et al., 2003b) . Clinically, it is the most common cause of acute renal failure, with elevation of blood urea nitrogen (BUN), serum creatinine, and often oliguria or anuria. The deterioration of renal function occurs over a period of hours to days. The 2 major forms are ischemic and toxic.
Clinical Features: As noted previously, ATN is the most common cause of acute renal failure, especially before the age of 60 years. The frequency of acute renal failure varies depending on the clinical setting (Myers et al., 1988; Liano et al., 1989; Abuelo, 1990; Lieberthal and Levinsky, 1990; Kaufman et al., 1991; Mathew, 1992; Pascual et al., 1995) . In many of these instances, there are one or more detectable precipitating events, which may operate at multiple times and which precede the clinical onset of renal failure by several days to 1 week. ATN is commonly encountered in hospitalized patients. Although the ischemic episodes and/or the presence of a nephrotoxin-either endogenous or exogenouscan be identified, often we do not know the exact cause of the tubular injury. The clinical onset of ATN, in up to one-half of patients, is signaled by the abrupt onset of oliguria (less than 400 mL/day of urine); in the other one-half or more of the patients, there is nonoliguric renal failure. There is usually a rapid deterioration of renal function over a short period of time (hours to days). BUN and serum creatinine are elevated and the urinalysis usually shows only hyaline, granular, or pigmented casts. The urine is dilute (isosthenuric or hyposthenuric compared to the serum) and the urine sodium and fractional excretion of sodium are high, compared to patients with prerenal azotemia. This is consistent with a decreased reabsorptive capacity of the damaged tubular epithelium. There is a sudden inability to maintain normal fluid and electrolyte homeostasis (Turney et al., 1990) . 72 
SILVA TOXICOLOGIC PATHOLOGY
Pathologic Features: On gross examination, the kidneys are enlarged, tense and pale. On cross-section, the renal parenchyma is swollen and may bulge from the capsule. The cortex is widened and there may be accentuation of the corticomedullary junction, with the medulla appearing dark or deep red in contrast to the more pale cortex and papillary tips. This darkening of the medullary region is the result of congestion of the vasa recta.
With light microscopy, the major changes are noted initially in the renal tubules. There are a number of changes ranging from subtle to severe but they are usually patchy (Figures 1-3) . Frank tubular epithelial necrosis is not always evident by light microscopy, especially in ischemic injuries, which are characteristically focal and mild. The toxic forms are generally morphologically more severe. The changes may include the following (Solez et al., 1979; Antonovych, 1984; Bulger and Dobyan, 1984; Churg et al., 1984; Bertani et al., 1986; Anderson and Schrier, 1988; Olsen et al., 1989; Solez and Racusen, 1991; Olsen and Solez, 1994; Cronin and Henrich, 1996; Kashgarian, 1998; Nadasdy and Racusen, 1998; Kern et al., 1999; Lameire and Vanholder, 2000) :
1. Injury with degeneration and necrosis of the individual tubular epithelial cells, i.e., coagulation necrosis (loss of cell nuclei but partial preservation of cell outlines), karyorrhexis, and/or pyknosis. 2. Swelling of tubular epithelium. This severe ballooning of the cytoplasm is especially seen with toxins or prolonged severe hypokalemia (Cremer and Bock, 1977; Riemenschneider and Bohle, 1983; Toyoshima and Watanabe, 1988; Mujais et al., 1992; Schwartz, 1998) . 3. Detachment of the tubular epithelial cells from the underlying tubular basement membrane. 4. Loss or attenuation of the PAS-positive brush border of the proximal tubular epithelial cells. 5. Thinning ("simplification") of the tubular epithelium. 6. Dilatation of the tubular lumina. 7. Interstitial edema with widening of the normally quite sparse cortical interstitium and separation of the tubules from each other. 8. Casts (hyaline, pigmented, eosinophilic, cellular, or granular debris) , especially in the distal tubules. Deeply pigmented casts suggest hemolysis or rhabdomyolysis i.e., hemoglobin or myoglobin. 9. Tubular lumens contain sloughed epithelial cells (which are both viable and dead), leukocytes, and cellular debris. 10. Rupture of the tubular basement membranes (tubulorrhexis). There may be small adjacent granulomatous interstitial lesions.
Later, in the reactive/reparative/regenerative stage the following histologic changes can be seen:
11. Basophilic staining of tubular epithelial cytoplasm. 12. Enlarged hyperchromatic nuclei, often with prominent nucleoli. 13. Mitotic figures involving the tubular epithelial cells.
Some of the morphologic changes in these 2 groups (i.e., the initial and the reactive/reparative/regenerative) may be superimposed upon each other. The regenerative changes in the tubular epithelium recapitulate certain aspects of renal epithelial cell development during embryogenesis, such as the expression of certain proteins normally present only early in that process. The sequelae of acute tubule injury or necrosis may be progressive interstitial fibrosis (Nadasdy and Racusen, 1998) .
The distribution of the lesions within the nephron, that is, involvement of proximal or distal segments, depends on the etiology of the ATN. Ischemic ATN is manifested by tubular epithelial damage along multiple patchy segments of the nephron, often with what seems like large skip areas in between. In both ischemic and toxic forms of ATN the distal tubules can be filled with casts as well. Large, very eosinophilic casts (possibly even pigmented casts often representing myoglobin or hemoglobin) are seen in the distal tubules and collecting ducts (Ahijado et al., 1990) . These casts are comprised mainly of Tamm-Horsfall protein, sometimes in association with hemoglobin, myoglobin, or other proteins from the plasma. The exact nature of the casts depends on the initiating cause of the injury, for example crush injury with myoglobinuria.
The toxic form of ATN often shows more obvious and extensive tubular epithelial cell necrosis by light microscopy (Abuelo, 1990; Ahijado et al., 1990) . Because the proximal tubular segment (S2 and S3) of the nephron is the site most commonly responsible for the excretion of organic acids and ions (such as drugs and other toxins), this is the segment most commonly injured (Depierreux et al., 1994; Cronin Henrich, 1996; Nadasdy and Racusen, 1998) .
Heavy metals and organic toxins often lead to extensive involvement of all nephron segments with a greater predilection for cortical nephrons. Thus, with mercuric chloride, the S3 or pars recta of the proximal tubule is the most commonly involved segment of the nephron, and large acidophilic inclusions are observed in severely injured cells. Later there may be severe calcification of the tubules/cells in the lumens. Carbon tetrachloride causes accumulation of neutral lipids in the injured proximal tubular cells, followed by necrosis. Ethylene glycol produces a marked ballooning and hydropic/vacuolar change of the proximal tubular cells with calcium oxalate crystals in the tubular lumina ( Figure 2 ), while diethylene glycol leads to tubular injury and cellular atypia without the oxalate crystals.
Other renal injuries are caused by different types of exposures involving a variety of industrial occupations, accidental/intentional ingestions, a number of therapeutic agents (such as the aminoglycosides, antibiotics, antineoplastic and antiviral agents, and herbal remedies), and ischemic/microcirculatory disturbances leading to rhabdomyolysis, the latter also seen in cocaine abuse (Ahijado et al., 1990) . Each of these exhibit the spectrum of morphologic changes described for toxic ATN.
Immunofluorescent studies of ATN are usually negative or nonspecific. Some reports have suggested that endogenous fluorescence can be noted in the necrotic tubules, i.e., positive fluorescent staining without the application of fluoresceinated antisera to cyrostat sections. Sometimes tubular casts may show nonspecific nonimmunologic binding of immunoglobulins and other serum proteins.
With electron microscopy, glomeruli are typified by minimal change, but the tubular epithelium shows simplification of the luminal surfaces (after early apical ballooning of the cell membrane in ischemia). There is often loss or bluntening There is patchy interstitial inflammation with lymphocytes from this patient with amoxicillin toxicity. H&E. 6.-Chronic tubulointerstitial nephropathy secondary to acyclovir (anti-viral drug) therapy. There is both marked thinning of the tubular epithelium and marked separation of the cortical tubules by an interstitial fibrosis. H&E.
SILVA
TOXICOLOGIC PATHOLOGY of the proximal tubular epithelial brush border, while the basolateral interdigitations become simplified. There are various cytoplasmic vacuolization changes, including dilatation of the endoplasmic reticulum, mitochondrial swelling, and increased numbers of lipofuscin granules. Small gaps may be seen in the tubular epithelial lining (a nonreplacement phenomenon). Loosening of the tubular epithelium from the tubular basement membrane may occur. With gentamicin, inclusions are often noted in patients receiving this antibiotic, although the presence of inclusions is not directly correlated with drug toxicity because every patient receiving gentamicin has these inclusions in their renal epithelial cells (Humes, 1988; Walker and Shah, 1988) . Various nephron site-specific lectins and antibodies may be employed as special studies to demonstrate the site of the nephron affected; however, these are not in general diagnostic use (Silva et al., 1993; Nadasdy et al., 1994 Nadasdy et al., , 1995 .
Etiology/Pathogenesis: The 2 major causes of ATN are: ischemic and toxic. Both lead to ATN via tubular epithelial cell damage (Kelly and Neilson, 1996) . Prolonged renal ischemia is the most common cause of ATN. Certain toxins normally excreted by the kidneys may lead to renal injury. It is thought that there are several factors that predispose the tubules to toxic injury such as active renal transport systems for organic ions/organic acids and various other renal toxins (Humes, 1988) , the capacity for renal concentration of toxic agents, and a large surface for renal tubular reabsorption of potential toxins. Impaired glomerular permselectivity can also allow the escape of tubulotoxic substances into the urinary space and uptake by the tubular epithelium.
Tubular toxins can produce tubular epithelial cell injury by a variety of mechanisms including alterations in epithelial polarity (Fish and Molitoris, 1994; Perazella, 2003) . Many therapeutic agents are organic acids/ions and potential tubular toxins. In some cases there can be renal toxicity at normal therapeutic doses. Some drugs (e.g., aminoglycosides) reach a cumulative critical dose in the renal epithelium before the toxicity is noted; toxicity appears after a lag phase following the initial exposure. As noted previously, studies have shown that the major portions of the proximal tubular system that excrete organic acids/ions are the S2 and S3 portions, i.e., the last part of the proximal convoluted tubule and straight portion of the proximal tubule. These agents can cause injury to cell membranes, generation of free radicals, interference with cell respiration/mitochondrial function and other key metabolic processes, and the altering of critical enzyme systems. Specific drugs can lead to specific types of renal injury. For example amphotericin directly leads to cell membrane damage, whereas other drugs like acyclovir and indinavir (anti-HIV drugs) lead to crystal deposition and distal tubular obstruction by the crystals (Kaloyanides, 1992; Barditch-Crovo et al., 1997; Kahn et al., 1999) . Hyperosmolar substances such as IVIG (intravenous immunoglobulins) can cause severe tubular swelling with vacuolization (Cantu et al., 1995) . Other toxic agents, for example nonsteroidal antiinflammatory drugs (NSAIDs), can be injurious to tubular epithelium via alteration in the balance of certain vasoactive compounds and perturbation of renal blood flow. NSAIDs are especially active in patients with congestive heart failure who rely on the tonic effects of the vasodilatory prostaglandins to maintain an adequate renal circulation.
Once the initial severe tubular injury has occurred, there may be progression to ATN via a number of different pathways (Olsen and Solez, 1987 Lameire and Vanholder, 2000) as follows:
1. obstruction of the tubular lumina by casts, cells and other debris, 2. transtubular backleak of the glomerular filtrate through the tubular epithelium and tubular basement membranes with coursing of the ultrafiltrate into the renal interstitium, and 3. vasoconstriction with decreased glomerular filtration rate due to tubuloglomerular feedback events at the level of the juxtaglomerular apparatus, i.e., so-called "vasomotor nephropathy" (Flamenbaum, 1984; Conger, 1995) .
This last pathway is due to activation of the reninangiotensin system, although other vasoconstrictive agents are thought to also play a role. Intrarenal vasoconstriction caused by an imbalance between systemic or local vasoconstrictive (e.g., endothelin) and vasodilative (e.g., NO, PGI 2 ) factors is important (Kashgarian, 1998) . It is likely that all of these mechanisms play a part at various times or with different tubulotoxic agents. The injury in ATN appears to be multistep and sequential. Patients with preexisting renal insufficiency (including prerenal azotemia) are predisposed to ATN and acute renal failure by drugs that can alter intrarenal hemodynamics as noted previously, e.g., NSAIDs, or which reach high concentrations in renal tissues, such as aminoglycoside antibiotics and radiocontrast agents (Zager, 1992) .
Therapy: Therapy for ATN continues to be uncertain (Finn, 1990; Lieberthal and Levinsky, 1990; Conger, 1995; Perazella, 2003) .
INTERSTITIAL NEPHRITIS "
Man is the only animal that has an incessant desire to take drugs"-William Osler. Many forms of glomerular disease are accompanied by a pronounced interstitial inflammatory reaction. Certain conditions exist, however, in which a conspicuous inflammatory reaction occurs in the absence of primary glomerular or vascular disease. These conditions are referred to collectively as interstitial nephritis. It is customary to divide interstitial nephritis into acute and chronic forms, and it is important to realize that there are many different etiologies and several different pathogenetic mechanisms involved. We will consider only the drug-induced forms here.
Various toxins and drugs can lead to a combination of tubular and interstitial injury through a variety of mechanisms, manifested by a variety of morphologic appearances. Interstitial immunologic reactions may be due to:
1. an acute hypersensitivity nephritis caused by drugs such as antibiotics (e.g., methicillin), 2. acute renal failure appearing as ATN (as noted previously), and 3. chronic sublethal and subtle injury that cumulatively injures the tubules, taking years to become clinically manifest.
Acute Allergic Drug-Induced Interstitial Nephritis
In this condition the interstitial tissue is edematous and contains variable numbers of inflammatory cells of several types. Tubules may show varying degrees of atrophy or loss and actual necrosis may be seen in some. It is likely that in some cases tubular damage is the primary event with interstitial changes occurring secondarily. When glomerular changes occur, they do so as a secondary phenomenon. Acute interstitial nephritis is found mainly in 3 situations:
1. as adverse reactions to drugs, 2. in acute bacterial infections (not considered here), and 3. as a miscellaneous group.
Acute allergic drug-induced interstitial nephritis can be caused by an ever-increasing number and variety of drugs, as shown in Table 1 , including certain antibiotics (e.g., βlactam antibiotics), NSAIDs, diuretics, anticonvulsants, and many compounds of miscellaneous application (Galpin et al., 1978; Kleinknecht et al., 1978; Cotran and Galvenek, 1979; Laberke and Bohle, 1980; Ellis et al., 1981; Appel and Kunis, 1983; Antonovych, 1984; Bender et al., 1984; Churg et al., 1984; Adler et al., 1985; Bertani et al., 1986; Pirani et al., 1987; Cameron, 1988; Hawkins et al., 1989; Pommer et al., 1989; Buysen et al., 1990; Greising et al., 1990; Rashed et al., 1990; Mathew, 1992; Murray and Keane, 1992; Ivanyi et al., 1992; Colvin and Fang, 1994; Perneger et al., 1994; Kelly and Neilson, 1996; Appel, 1997; Cavallo, 1998; Kashgarian, 1998; Michel and Kelly, 1998; Rocha and Fernando-Alonso, 2001; Woywodt et al., 2001; Henao et al., 2002; Markowitz et al., 2003a) . First reported after the administration of sulfonamides, drug-induced interstitial nephritis is a somewhat common cause of renal insufficiency.
Clinical Features:
The clinical evidence of renal disease begins about 14-15 days (range 2 to 40 days) after exposure to the drug. It is classically characterized by fever, skin rash, eosinophilia, fatique, and nausea/vomiting (Ellis et al., 1981; Appel and Kunis, 1983; Cameron, 1988; Mathew, 1992; Murray and Keane, 1992; Colvin and Fang, 1994; Kelly and Neilson, 1996) . Renal abnormalities such as hematuria, mild proteinuria and sterile leukocyturia (with eosinophils) are also present (Corwin et al., 1985; Colvin and Fang, 1994) . Azotemia, with rising BUN and serum creatinine, and with oliguria, is noted in about half of all patients and may take the form of development of acute renal failure or worsening of an already present renal failure (Laberke and Bohle, 1980) . The azotemia may be severe and patients with acute renal failure are often subject to renal biopsy, which is the only technique to definitively identify this type of renal disease. In some cases where reexposure of the injurious drug is noted, there is recrudescence of the disease and circumstantial evidence of the cause. Some investigators have suggested coculture of the patient's lymphocytes with the purported drugof-injury to search for telltale stimulation of the lymphocytes by the causative drug. Renal sonograms usually fail to show small/shrunken kidneys, which are evidence of chronic renal disease.
Recovery may occur when the drug is withdrawn (see below) but in some instances there may be permanent damage to the kidneys with persistently raised BUN (Conger, 1995) . A diabetes insipidus-like syndrome has been described with lithium used in the treatment of manic depressive states.
Pathologic Features: Grossly, the kidneys may be slightly enlarged due to the interstitial inflammation and edema. By light microscopy the major histologic abnormalities are in the interstitium (Figures 4-5 ), which demonstrates intense edema and infiltration by inflammatory cells of various types including lymphocytes, plasma cells, macrophages, and occasionally eosinophils and polymorphonuclear leukocytes (Heptinstall, 1976; Laberke and Bohle, 1980; Churg et al., 1984; Cameron, 1988; Cotran et al., 1988; Buysen et al., 1990; Heptinstall, 1992; Neelakantappa et al., 1993; Colvin and Fang, 1994; Spoendlin et al., 1995; Cavallo, 1998; Kern et al., 1999) . The presence of any eosinophils in the interstitium or interstitial infiltrate of a native renal biopsy is quite suggestive of a drug-induced/allergic interstitial nephritis, although interstitial eosinophils can be seen in severe cases of Wegener's granulomatosis and other severe necrotizing glomerular lesions.
Variable amounts of tubular injury such as tubular necrosis, desquamation, flattening, degeneration, regeneration, and tubulitis, often accompany the interstitial inflammation (Ivanyi and Olsen, 1995) . Interstitial granulomata with epithelioid histiocytes and a few giant cells may also be noted in some cases. The glomeruli are normal except in those patients taking NSAIDs, which may produce a minimal change nephrotic syndrome (Abraham and Keane, 1984; Clive and Stoff, 1984; Whelton and Hamilton, 1991; Kleinknecht, 1995; Alper et al., 2002) . Renal biopsy is the only definitive way to make the diagnosis (Wilson et al., 1976; Richards et al., 1994; Schena and Gesualdo, 1994) .
Immunofluorescence studies are generally negative except for those rare cases in which there are immune deposits in the tubular basement membranes (see Etiology/Pathogenesis section). The presence of intense staining for various antisera along the tubular basement membranes (TBM) 76 SILVA TOXICOLOGIC PATHOLOGY suggests an immune-mediated phenomenon such as one sees in methicillin-induced interstitial nephritis (Galpin et al., 1978; Cotran and Galvenek, 1979; Katz et al., 1992) . Electron microscopy adds nothing to the differential diagnosis. Discrete electron-dense immune-type deposits are very rarely found along the TBM. As special studies, immunophenotyping of the interstitial infiltrate has been conducted by many investigators, but with no meaningful or reproducible findings (Bender et al., 1984; Brunati et al., 1986; Cheng et al., 1989; Kelly and Neilson, 1996; Cavallo, 1998) . The infiltrate has usually a predominance of T lymphocytes, often expressing the CD4 antigen, and in many or most cases, enhanced expression of HLA class II antigens is noted on the tubular epithelial cells . The segment of the nephron involved in cases of interstitial nephritis has been investigated with nephron-specific lectins in immunohistochemical studies. A few of these have shown a predominant inflammatory involvement of the distal portions of the nephron, but this result has not been meaningfully reproduced (Hawkins et al., 1989; Ivanyi et al., 1992) . Pathologic Differential Diagnosis: One of the major problems is the differentiation between a primary interstitial nephritis with secondary accompanying tubulitis and tubular injury, versus a severe primary acute tubular necrosis with secondary accompanying interstitial inflammation (Table 2) . Similar histologic findings as one sees in drug-induced interstitial nephritis can be noted in patients with SLE or those without any history of known drug exposure (Brentjens et al., 1982 (Brentjens et al., , 1989 . Similar lesions can also be noted in patients with antitubular basement membrane antibodies. A special type of acute interstitial nephritis is seen in patients with uveitis and bone marrow and lymph node granulomata; this syndrome, known as Dobrin's syndrome, occurs primarily in adolescent girls and young women (Vanhaesebrouck et al., 1985; Cacoub et al., 1989) . As noted previously, severe acute necrotizing glomerular conditions such as Wegener's granulomatosis may lead to a surprisingly severe interstitial inflammation, even with large numbers of eosinophils. The so-called granulomata in the renal interstitium of patients with Wegener's granulomatosis are virtually always tangential sections of glomeruli with large virulent crescents noted in that condition.
Etiology/Pathogenesis: The drugs thought to work by an immunologic mechanism are those of the penicillin group (chiefly methicillin and rifampicin), diphenylhydantoin (dilantin), and phenindione, an anticoagulant (Galpin et al., 1978; Kleinknecht et al., 1978; Cotran and Galvenek, 1979; Appel and Kunis, 1983; Adler et al., 1985; Brunati et al., 1986; Cameron, 1988; Brentjens et al., 1989; Cheng et al., 1989; Colvin and Fang, 1994; Kleinknecht, 1995; and Neilson, 1996; Appel, 1997; Cavallo, 1998; Michel and Kelly, 1998) . Other compounds seem to be dose dependent and include amphotericin, colistin, polymyxin B, the cephalosporins, and gentamicin.
The mechanisms involved in the hypersensitivity group are poorly understood (Kashgarian, 1998 ). An atopic type of reaction has been suggested for certain cases and cell-mediated mechanisms have been proposed for others. There are many other lines of evidence for an immune mechanism. Clinical evidence of a hypersensitivity type of response includes the latent period between administration of the drug and the onset of clinical signs/symptoms, the presence of increased numbers of eosinophils in the blood or in the kidney, and a skin rash. The onset of the injury is not apparently dose-related, and recurrence of the reactions following inadvertent reexposure to the same or a cross-reacting drug has been noted. Serum IgE levels are found to be elevated in some patients and in some cases IgE-containing plasma cells and basophils are observed in the renal interstitium; this is suggestive of an IgEmediated, late phase hypersensitivity response. Positive skin tests to certain drug haptens and the presence of mononuclear cells and granulomata also suggest various types of delayedhypersensitivity phenomena (e.g., type IV).
In addition, some interesting observations with regard to methicillin reactions have been made (Border et al., 1974) . The most certain sequence of immunologic events is that the drug acts as a hapten. During secretion of the drug by the appropriate segment of the nephron, usually proximal tubules, the offending drug is covalently bound to cytoplasmic or extracellular components of the tubular epithelial cells and becomes immunogenic. The resultant effect is then due to IgE and cell-mediated immune reactions to the tubular epithelium or the TBM. More specifically it has been shown in a few cases that anti-TBM antibody is present in the blood and in relation to TBM. Dimethoxyphenylpenicilloyl (DPO), the haptenic group of methicillin, has also been demonstrated in relation to TBM (Brentjens et al., 1982 (Brentjens et al., , 1989 . It has been suggested that conjugates of DPO with TBM protein are formed, which lead to an immune response resulting in the formation of anti-TBM antibodies. Damage is inflicted on the TBM with changes in the tubule and interstitium. Immunohistologically, a linear pattern in relation to TBM is shown with antisera to DPO, IgG and C3 (Ditlove et al., 1977; Galpin et al., 1978) .
The tissue reaction in this and in other forms of adverse reaction to drugs consists of polymorphs, eosinophils, lymphocytes, and plasma cells. It should be noted that many cases with adverse reaction to methicillin do not show linear tubular fluorescence so that other mechanisms are almost certainly operative.
Therapy/Prognosis: It is quite important to recognize this disorder because cessation of the offending drug is often followed by recovery, although it may take several months for renal function to return towards normal. Thus, the prognosis should be excellent if the inciting drug is identified and withdrawn (Appel and Kunis, 1983; Bertani et al., 1986; Cameron, 1988; Hawkins et al., 1989; Colvin and Fang, 1994) . Failure to identify the cause of interstitial nephritis may lead to irreversible renal damage, progressing to renal insufficiency. Based on anecdotal reports, steroid therapy in the form of Vol. 32(Suppl. 2), 2004 prednisone has often been given and appears to be clinically helpful although no long-term multiple limbed, placebocontrolled studies have been conducted (Pusey et al., 1983) .
Chronic Interstitial Nephritis
In chronic interstitial nephritis, there is fibrosis of the interstitium rather than edema as in the acute form, lymphocytes and plasma cells, variable degrees of tubular loss, and either no changes in glomeruli or nonspecific solidification of glomeruli. There are many conditions that can also give rise to this morphologic picture in addition to drugs/toxins including:
1. chronic pyelonephritis, 2. parenchymal changes secondary to papillary necrosis, 3. radiation nephritis, and 4. Balkan nephropathy.
An example of a lesion leading to chronic interstitial nephritis is papillary necrosis (necrotizing papillitis). Diabetes and urinary tract obstruction may give rise to papillary necrosis of a relatively acute type and these are often terminal events. Overindulgence in analgesics also causes papillary necrosis, but this is a more chronic and indolent type (Mihatsch et al., 1979) . Following death of the papilla in this chronic form, the overlying renal parenchyma undergoes changes that end up as chronic interstitial nephritis. The noxious agent in analgesics is not known for certain but phenacetin is the most likely candidate. Analgesic abuse is a common cause of chronic renal failure in countries such as Australia, but only an occasional cause in the United States of America, although the incidence may be higher than generally thought. Considerable recovery in function can occur if the patient ceases to consume analgesics, but transitional cell cancer of the renal pelvis may develop many years after papillary necrosis has been diagnosed (Bengtsson et al., 1978) . Papillary necrosis of the analgesic type may give rise to hematuria when the papilla is in the process of sloughing off, or renal colic when the sloughed papilla is passing down the ureter. The condition can be diagnosed by intravenous pyelography or by recovering the sloughed papilla from the urine. Sickle cell disease may also cause papillary necrosis. More will be said of this entity in association with NSAIDs later in this review.
In conclusion, it should be noted that the acute forms of interstitial nephritis are being seen with increasing frequency, particularly in patients taking antibiotics. Chronic interstitial nephritis is also common and it is important for physicians and pathologists to realize that it has many causes. Failure to appreciate this point has led in the past to a considerable overdiagnosis of chronic pyelonephritis. Experimental models are now being developed to study interstitial nephritis.
TUBULOINTERSTITIAL NEPHRITIS (NEPHROPATHY)
Definition: This insidious, slowly progressive disease of both the tubular and interstitial regions can be caused by a number of toxins and drugs. This term is reserved for diagnosis when it is unclear whether the initial primary disease affects the renal tubular epithelium or the renal interstitium (Bohle et al., 1976 (Bohle et al., , 1987 . Although one should attempt to determine which of these components is primarily involved, it is sometimes impossible to determine and hence the term tubulointerstitial nephropathy. The term chronic (as opposed to acute) is predicated on the finding of a fibrotic renal interstitium, rather than one that is edematous and inflamed, without much fibrosis. Thus, the terminology acute or chronic does not depend on the temporal clinical findings or the type of interstitial infiltrates (Heptinstall, 1976; Eknoyan et al., 1990; Heptinstall, 1992; Colvin and Fang, 1994; Kashgarian, 1998) .
Clinical Features:
This lesion can mimic other primary renal diseases and may manifest itself clinically by minor functional renal abnormalities or by the systemic effects of renal insufficiency. Hypertension and gradually progressive renal failure is common. The urinary excretion of β2microglobulin has been used as a marker of progressive renal tubular damage, for example, in the screening of individuals at risk for the chronic nephrotoxic effects of various occupational exposures.
Pathologic Features: There is no specific or characteristic finding, and electronmicroscopy, immunofluorescence or other special studies are generally not needed. By light microscopy, the histologic lesion is one of interstitial fibrosis and tubular atrophy. There is usually little or no interstitial inflammatory infiltrate and little interstitial edema. The tubules may show various changes of acute toxic injury as noted before (e.g., thinning) and the interstitium is also quite affected ( Figure 6 ). The site of primary injury, tubules or interstitium, cannot be determined, and the nondescript term tubulointerstitial nephropathy/nephritis is appropriate (Bohle et al., 1987; Ong and Fine, 1994) .
Pathologic Differential Diagnosis: The differential diagnosis is quite extensive because of the nonspecific nature of the histologic findings; the kidney may be injured by a myriad of factors but reacts in only a limited morphologic fashion to these. Many intrinsic renal diseases can lead to the same morphologic picture of end-stage kidney disease. The list is extensive and lengthening due to a constantly increasing number of drugs. These conditions include, but are not limited to: diabetes, hypertension, arterial nephrosclerosis, reflux nephropathy, chronic pyelonephritis, urate nephropathy, chronic radiation injury, and various chronic glomerular diseases. Several specific conditions are discussed in detail later. Table 1 (Churg et al., 1984; Ottosen et al., 1984; Cotran et al., 1988; Houghton et al., 1988; Heptinstall, 1992; Mathew, 1992; Neelakantappa et al., 1993; Colvin and Fang, 1994; Szabolc et al., 1994; Spoendlin et al., 1995; Kashgarian, 1998; Nadasdy and Racusen, 1998; Markowitz et al., 2000) . It may be difficult to definitively identify an exact causative agent in some cases. Identification of increased renal tissue levels of a suspect toxin may not be sufficient evidence because the increased levels could be due to lack of excretion in a patient with renal failure rather than increased exposure to the chemical. The cause is often idiopathic; therefore the exact pathogenic mechanisms of disease are also uncertain. Chronic exposures to lead, cadmium, gold, platinum, mercury, lithium, silver, copper, and iron have all been associated with the development of chronic tubulointerstitial disease, as discussed next. The endemic but somewhat enigmatic Balkan 78 SILVA TOXICOLOGIC PATHOLOGY nephropathy is thought by some to be related to chronic exposure to a fungal toxin. A number of other agents have also been implicated in the genesis of the nonspecific lesion in Balkan nephropathy (Stefanovic and Polenakovic, 1991) .
Etiology/Pathogenesis: A wide variety of toxins and drugs may lead to this condition as shown in

Analgesic Abuse Nephropathy
Definition: This form of chronic renal disease is caused by excessive ingestion of certain analgesic mixtures, often a phenacetin-aspirin-caffeine combination. It is morphologically characterized by a chronic tubulointerstitial nephritis and papillary necrosis (Mihatsch et al., 1979; Dubach et al., 1983; Pommer et al., 1989; Mihats et al., 1994; Perneger et al., 1994; De Broe and Elseveirs, 1998; Nadasdy and Racusen, 1998) .
Clinical Features:
Although initially phenacetincaffeine-codeine was the drug combination most frequently implicated as the cause of chronic renal failure due to a chronic tubulointerstitial nephritis (Mihatsch et al., 1979; Dubach et al., 1983; Pommer et al., 1989; Neelakantappa et al., 1993; Mihats et al., 1994; De Broe and Elseveirs, 1998; Nadasdy and Racusen, 1998) , later reports have implicated a number of other common analgesics, including acetaminophen (a metabolite of phenacetin), NSAIDs (Dubach et al., 1983; Abraham and Keane, 1984; Bender et al., 1984; D'Agati et al., 1990; Whelton and Hamilton, 1991; Schlondorff, 1993; Kleinknecht, 1995) , and certain Chinese herbs (Depierreux et al., 1994; Diamond and Pallone, 1994) . Patients who develop analgesic nephropathy have usually ingested large amounts of analgesics over the years, that is, more than 2 kg of aspirin or phenacetin over a 3-year period.
Analgesic nephropathy is found more commonly in women than men. It is especially prevalent in patients complaining of recurrent headaches and muscular pain. This is classically a subtle and cumulative injury that only becomes clinically manifest when significant chronic renal insufficiency has occurred.
As the chronic renal progression continues, the clinical presentation is quite variable. There is commonly nocturia and polyuria, due to loss of concentrating ability of the injured nephron. This is due to severe medullary damage with frequent renal papillary necrosis, the latter detectable by computerized tomographic imaging. There may be an acquired distal tubular acidosis, which can contribute to renal stone formation. Anemia (out of proportion to the degree and duration of renal insufficiency), gastrointestinal symptoms and hypertension are seen as well. About one-half of patients have urinary tract infection. Sloughing of the renal papillae can lead to gross hematuria or painful renal colic secondary to obstruction of the ureter by the necrotic papillae. Papillary transitional cell carcinoma of the renal pelvis has been noted in several patients with this longstanding drug injury, but the mechanism underlying the development of this neoplasm is unknown.
Analgesic nephropathy is of worldwide distribution. Its frequency depends on the consumption of the analgesics in various parts of the world (being high in the past in parts of Australia and Western Europe) and the ability of the autopsy or surgical pathologists to adequately section the kidney and inspect the collecting systems/papillae of the kidney. Its inci-dence in the United States of America is said to be highest in the southeast regions. Where over-the-counter sale of these analgesic mixtures have been restricted, there has been a reduction in the incidence of this disease.
Pathologic Features: Grossly, the renal surfaces often show depressed cortical regions, representing cortical atrophy overlying the necrotic papillae. The necrotic papillae may demonstrate necrosis, fragmentation, sloughing or calcification. It is typical to see papillae in these differing stages in analgesic nephropathy. Often the necrotic papillae remain attached to the renal cortex/medulla.
At the light microscope level, it is often quite difficult, and perhaps impossible, to determine that the nonspecific cortical tubulointerstitial nephritis is secondary to papillary necrosis because renal biopsy rarely samples the inner medulla. There is usually extensive interstitial fibrosis with few inflammatory cells. Tubular atrophy is usually present, but the renal cortical columns of Bertin are said to be spared from this cortical atrophy (Bender et al., 1984; Churg et al., 1984; Heptinstall, 1992; Kleinknecht, 1995) .
The papillary necrosis may be patchy, but in the advancing form the entire papillary structure may be necrotic. There are often ghosts of tubules and areas of dystrophic calcification. In certain cases the entire papilla may be sloughed into the urine. PAS-positive material is often noted around the small arterioles in the renal pelvic and peripelvic (ureteric) submucosal structures as well, termed analgesic microangiopathy (Mihatsch et al., 1979) , representing basement membrane thickening in these areas. Immunofluorescence, electronmicroscopy, and other special studies are usually noncontributory. However dysmorphic mitochondria may betray a genetic defect or depletion of mtDNA (Szabolc et al., 1994; Brinkman et al., 1998; Tanji et al., 2001) .
Pathologic Differential Diagnosis: The cortical changes in analgesic nephropathy are entirely nonspecific. The presence of radiologic evidence of papillary necrosis certainly adds credence to this diagnosis. The differential diagnosis of papillary necrosis includes: diabetes mellitus, sickle cell disease, and obstruction/infection. Etiology/Pathogenesis: Animal models of papillary necrosis have been studied by administration of a mixture of aspirin and phenacetin, often with water depletion. Most patients with this disease have consumed phenacetincontaining mixtures, and cases ascribed to ingestion of aspirin or phenacetin alone, or other single drugs, are uncommon. Although there was initial discussion and confusion as to which was primary, the interstitial disease or the papillary necrosis, it is now clear that papillary necrosis is primary, with the cortical interstitial nephritis secondary to the destruction of the portions of the papillae (and their collecting ducts). It appears that the phenacetin metabolite, acetaminophen, injures cells by both its covalent binding and by oxidative damage. Aspirin can induce its potentiating effect by inhibiting the vasodilatory effects of prostaglandin, thus predisposing the renal medulla with its already tenuous blood-supply, and especially papillae, to further ischemia and damage. Thus, the combination of direct renal toxic damage and ischemic injury harms both tubular cells and the vascularity (Whelton and Hamilton, 1991; Mihatsch et al., 1994; Perneger et al., 1994; Kleinknecht, 1995; De Broe and Elseveirs, 1998) .
Therapy/Prognosis: If most of the papillae have not sloughed and the offending agents are no longer administered, renal function may remain stable; or it may actually improve in some patients. In some cases, the accompanying infection, secondary to ureteral obstruction by the necrotic sloughed papillae, can be treated and aid in the patient's renal prognosis.
Granulomatous Interstitial Nephritis
Definition: This is histologically defined as a primary interstitial nephritis manifested by the presence of fairly wellformed granulomata.
Clinical Features: These are the same as those of any other primary tubulointerstitial disease of the kidney.
Pathologic Features: At the gross level, there are no findings that are specific. By light microscopy, granulomatous interstitial nephritis characteristically shows clusters or collections of epithelioid histiocytes, with varying numbers of small lymphocytes and sometimes multinucleated giant cells. Caseous necrosis generally occurs only in patients with mycobacterial or fungal infections (Mignon et al., 1984; Cohen, 1986; Schwarz et al., 1988; Verani et al., 1989; Hannedouche et al., 1990; Lien et al., 1993) . Immunofluorescence and electronmicroscopy are generally not helpful, but a special stain for organisms, including Ziehl-Neilson, PAS, or Grocott's silver stains, should be performed on all of these cases.
Pathologic Differential Diagnosis: Granulomata associated with mycobacterial or fungal infections usually, but not always, show central caseous necrosis. Thus, special stains for these mycobacterial or fungal organisms should be performed, using appropriate positive controls. Sarcoidosis can be suspected when the granulomata are small, well defined, noncaseating, and contain Schaumann bodies (laminated intracytoplasmic concretions) or asteroid bodies. Calcifications may be seen in the tubules in sarcoidosis. However, the morphologic changes are not pathognomonic and clinicopathologic correlations may aid in the differential diagnosis from disease at other sites, such as the lung or lymph nodes. Wegener's granulomatosis can lead to a granulomatous infiltration in the interstitium. However the majority of granulomatous profiles that may be present on rare occasion in the limited biopsy sample are probably tangentiallysectioned glomeruli showing an intense granulomatous, crescentic glomerulonephritis.
Etiology/Pathogenesis: Granulomatous interstitial nephritis can be caused by a wide variety of conditions. Probably the most common cause is hypersensitivity/allergic reactions to a variety of medications, such as anticonvulsant drugs, antibiotics, and antihypertensive agents. Other causes include infectious organisms (mycobacterial or fungal), sarcoidosis, Wegener's granulomatosis, and other conditions.
Balkan (Endemic) Nephropathy
This unusual disease is found in Croatia, Bosnia, Serbia, Bulgaria, and Romania. It occurs in families and may be endemic, involving up to 10% of the population of a region. It occurs along tributaries of the Danube River basin and usually involves patients more than 20 years of age. It appears to take years to develop. Clinical onset is manifest by insidious weakness, anorexia, anemia, weight loss, lumbar pain, albuminuria, hypertension, edema, and copper-yellow skin, particularly involving the palms of the hands and soles of the feet. There is tubular proteinuria (up to 2 grams/24 hours) and increased excretion of β2-micoglobulin, both signs of tubular damage and early nephropathy.
In advanced disease, the kidneys are reduced in size and can weigh as little as 20 grams each. The major morphologic changes are interstitial fibrosis, variable amounts of interstitial inflammation, and tubular atrophy. There seems to be more involvement of the superficial cortex than the deeper cortex, at least in early stages. Papillary necrosis is not common; however, transitional cell carcinomas have been discovered in the renal pelvis and the ureters. These tumors may be multiple and bilateral. Squamous cell carcinomas have also been described.
The pathogenetic mechanisms involved in the tubulointerstitial disease are unknown. A number of purported etiologic agents have been suggested including mycotoxins such as ochratoxin A, heavy metals, silica, and low-molecular-weight proteins. None have been substantiated. There is a similarity between Balkan nephropathy and Chinese herbs nephropathy, the latter implicating aristolochic acid. It is likely that the kidney is injured in a great many ways, but also has a limited capacity in response. Thus, the final common morphologic pathways of interstitial fibrosis and tubular atrophy are seen in a great many different conditions.
Heavy Metal Nephropathy
Exposure to a number of heavy metals can result in tubulointerstitial disease. Specific examples are considered next.
Lead: Lead nephropathy is usually an occupational illness, although soil and paint ingestion can be a source of lead exposure for children. Clinical diagnosis is based upon a history of exposure, evidence of renal dysfunction and usually a positive calcium disodium edetate (EDTA) mobilization test. Various other tests are also available (Bennett, 1985; Cory-Slechta, 1990; Oberley et al., 1995; Cavallo, 1998; ) .
Acute lead exposure leads to dysfunction of the proximal tubules. Glucosuria, phosphaturia, aminoaciduria, and renal tubular acidosis can occur. The predominant renal histologic change is the presence of lead inclusions in the nuclei of renal tubular cells, and sometimes cytoplasmic inclusions. The inclusions are red with Giemsa stain and quite eosinophilic with acid-fast stains. Other stains may accentuate these lead inclusions as well. Electronmicroscopy shows a characteristic deposition of fibrils and the mitochondria are enlarged with osmiophilic densities between the cristae (Cavallo, 1998) .
Chronic lead exposure and intoxication is thought to be widespread. There is decreased renal function, which is proportional to the increased lead concentration found in the blood. Chronic lead intoxication is manifested clinically by renal proximal tubular defects; decreased glucose reabsorptive capacity is thought to be an early indicator of tubular cell injury. Most patients have recurrent gout, hyperuricemia, and hypertension. Histologically, there is multifocal tubular atrophy and interstitial fibrosis. Nuclear inclusions are not a common feature at this late stage. Immunofluorescence and 80 SILVA TOXICOLOGIC PATHOLOGY electronmicroscopy in one study series showed glomerular or tubular deposits, but the meaning of this is unclear. The mechanism of lead toxicity is via interactions of the lead with renal membranes and enzymes; the lead disrupts energy production and interferes with calcium metabolism and ion transport. Lead can also be complexed to other proteins leading to intranuclear transport, chromatin binding, and alterations of gene expression (Cavallo, 1998) . Cadmium: Cadmium exposure is thought to be primarily an occupational illness seen in the manufacture of pigment, plastic, electric storage batteries and metal alloys. Exposure can occur through contaminated water, foodstuffs or even cigarette smoking. Cadmium toxicity is manifested clinically through the excretion of low-and high-molecular-weight proteins, enzymes, prostanoids, glycosaminoglycans, sialic acid, glucose and aminoacids. A full Fanconi syndrome involving aminoaciduria, glucosuria and phosphaturia may be present (Cavallo, 1998) .
The renal injury tends to be slowly progressive. Cadmium exposure also leads to hypercalciuria, nephrolithiasis, and osteomalacia. Grossly the kidneys have a red-brown color, hard consistency and are small and shrunken. Morphologically, there is extensive tubular atrophy and interstitial fibrosis, preferentially involving the outer cortex. Inflammatory cells are present in only small numbers. In some cases there are no significant tissue abnormalities; tissue changes appear to be proportionate to the quantity of cadmium deposition.
Cadmium is initially bound to metallothionein-forming complexes in the liver after absorption by the gastrointestinal tract. Filtered by the glomeruli, these cadmiummetallothionein complexes are absorbed by the proximal tubular epithelium, and degraded in lysosomes. This probably interferes with the biogenesis of lysosomes, which leads to decreased lysosomal protease activity, the excretion of lowmolecular-weight proteins (tubular proteinuria), and calciuria and enzymuria.
Mercury: Mercury exposure results in a variety of ways. Ingestion of inorganic mercurial compounds can lead to chronic mercury toxicity with proteinuria and even the nephrotic syndrome (due to a membranous glomerulonephropathy), or proximal tubular cell dysfunction. Mercury can be quantitated in the kidneys with X-ray fluorescence analysis.
Mercuric chloride ingestion leads to enlarged and pale kidneys. Microscopically, there is severe extensive necrosis of tubular cells, primarily in the middle and straight portions of the proximal tubules. The tubular epithelium also shows either flattening or desquamation. Interstitial edema and inflammatory infiltration with mononuclear cells occurs. Later there is progressive loss of tubules and interstitial fibrosis (Cavallo, 1998) .
Inorganic mercury causes vesiculation and exfoliation of the brush border of proximal tubule epithelium. There is then calcium influx and cell death. Mercury inhibits water permeability (induced by vasopressin) and also depolarizes the inner mitochondrial membrane, leading to increased reactive oxygen metabolites, loss of respiratory function, and interference with the heme biosynthetic pathway.
Gold: Gold inclusions are found in the cytoplasm of tubular epithelial cells and free in the interstitium. Patients may develop proteinuria, hematuria, tubular injury or chronic tubulointerstitial nephritis (Cavallo, 1998) .
Copper/Iron: These metal ions may deposit in the tubular cells, inducing tubular cell necrosis and acute renal failure when ingested in large doses. Copper has been reported to cause tubulointerstitial nephritis (Cavallo, 1998) .
Cis-Platinum: This compound may result in renal dysfunction and tubular cell injury with flattening of the epithelium, dilatation of tubules and necrosis; focal interstitial edema and fibrosis can also be observed (Leibbrandt et al., 1995; Cavallo, 1998; Tay et al., 1988; Matsushima et al., 1998) .
Arsenic: Coagulative necrosis of the proximal tubular epithelium and chronic renal injury has been reported with arsenic exposure. There may be interstitial fibrosis manifesting with the Fanconi syndrome and renal insufficiency (Leibbrandt et al., 1995; Tay et al., 1988; Cavallo, 1998; Matsushima et al., 1998) .
Lithium: A number of morphologic injuries have been reported including tubulointerstitial nephropathy, primarily interstitial fibrosis, and various glomerular injuries, primarily a sclerosing glomerulonephropathy (Hestbech et al., 1977; Aurell et al., 1981; Ottosen et al., 1984; Marples et al., 1995; Tam et al., 1996; Markowitz et al., 2000; Ramesh and Reeves, 2002) .
GLOMERULAR LESIONS Although glomerular lesions will not be covered in this review the reader is referred to a number of informative reports on the subject (Heptinstall, 1992; Markowitz et al., 2000 Markowitz et al., , 2001 Markowitz et al., , 2002 . Probably the most common glomerular pattern associated with various drugs-of-abuse, such as heroin and intravenous pentazocine and tripelennamine (T's and blues), is a focal segmental sclerosing glomerulonephropathy (May et al., 1986; . AIDS/HIV can also lead to a rapidly progressive focal segmental sclerosis and collapsing glomerulonephropathy. The classic combination of a minimal change nephrotic syndrome in association with interstitial inflammation leads one to think of an NSAIDs response (Abraham and Keane, 1984) . A few instances of purported drug injury have been noted with various glomerular patterns of injury, but it is usually difficult to know whether this correlation between the glomerular injury and the drug represents an etiological association.
VASCULAR LESIONS Vascular lesions can be the result of toxic/drug-induced injury. One of the best known and publicized is the association of cyclosporin or FK 506 for the prevention of allograft transplantation, and the associated thrombotic microangiopathy (Bergstrand et al., 1985; Dische et al., 1988; Myers et al., 1988; Strom et al., 1994; Mihatsch et al., 1995) .
CONCLUSIONS
Homer Smith once said: "The body is not composed of what the mouth takes in, but what the kidney decides to keep." As we organisms pass through our environment (and it passes through us), we come in contact with a number of potentially hazardous agents of all kinds-chemicals, toxins, and drugs. It is ironic that one of our major organs that serves to maintain our internal homeostasis by alteration and secretion of Vol. 32(Suppl. 2), 2004 various toxic agents, may itself be injured in the process. Although the kidney reacts in a limited fashion to a myriad of injuries, chemical injury of the kidney is most often thought to manifest itself morphologically by either tubular degeneration/necrosis or interstitial nephritis, or both. Although the kidney has an extraordinary capacity as a self-cleansing and renewable filter, it may be overwhelmed by the toxic injury, leading to chronic renal failure, dialysis, and transplantation.
